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1. Introduction

The ability to identify jets originatingfrom b quarkproduction,or b-tagging,is critical for
severalof theprimaryphysicsgoalsof the2001-2009runof theTevatronpp̄ colliderat

�
s � 1.96

TeV. Thesegoalsincludeprecisionstudiesof thetopquark,thesearchfor thestandardmodelHiggs
boson,andmany searchesfor particlesfrom physicsbeyond thestandardmodel. Top quarksare
predictedto decayto aW anda b nearly100%of thetime. Themostprecisesinglemeasurement
of the top quarkmass[1] usesb-taggingto obtaina puresampleof well-reconstructedtop quark
candidates.For theMH rangeMH ��� 135GeV� c2, theHiggsof thestandardmodelis predictedto
decaypredominantlyto b’s;observationof theHiggsat theTevatronin thisparticularlyinteresting
massrangewill dependon thequalityof our b-taggingtools.

Therearecharacteristicsof b-jetsthatdifferentiatethemfrom light flavor andcharmjets:

	 thelong lifetime of theb quark

	 thelargemassof B hadrons

	 theenergeticsemileptonicdecayof B hadrons

Severalb-taggingtoolsareavailableatCDFthatattemptto exploit thesedistinguishingfeaturesof
b jets. The focusherewill be CDF’s secondaryvertex b-tagger, sinceit is the mostwidely used
amongCDF analyses.But eachtechniqueaddressesb jet identificationfrom a differentapproach,
andhenceit is possiblethat the combinationof the techniquescould provide additionaltagging
power.

1.1 The CDF Detector

CDF II is a generalpurposedetectordesignedto studytheparticlescreatedin the
�

s = 1.96
TeV proton-antiprotoncollisionsprovidedby theTevatronin RunII. A thoroughdescriptionof the
CDFdetectorcanbefoundelsewhere[2]. A drawing of aquadrantof thelongitudinalcrosssection
of theCDF detectorcanbefoundin Figure1.

Chargedparticletrackingis exceptionalatCDFandplaysamajorrole in theb-tagalgorithms.
Tracking is performedin four detectorsubsystems,eachresidingwithin a 1.4 T axial magnetic
field provided by a superconductingsolenoid. Threesilicon trackingdetectorsprovide tracking
informationout to 
 η 
 � 2.0. L00 residesdirectly on thebeampipe,andis a singlesidedsilicon
detectordesignedto withstandtheradiationenvironmenttypical of RunII luminosities.Immedi-
atelyoutsideL00 in theregion 1.5cm � r � 10 cm is theSVX II, a five-layerdetectorwith axial
andstereosilicon strips. The layersof the ISL arelocatedat even larger radii. Thestereosilicon
stripsprovide threedimensionalreconstructionof eachtrack. TheCDF silicon trackingprovides
impactparameterresolutionof � 40 µm, which includesthe contribution from the beamthat is
approximately30 µm wide.

TheCentralOuterTracker (COT) is a cylindrical opencell wire chamberproviding tracking
informationout to 
 η 
 � 1.0.Thewiresof theCOT arearrangedin eightlayers,half of whichare
axial,andhalf areatasmallstereoangle.Onagiventrackthereareupto 96positionmeasurements
in the COT, and given an outer radiusof 1.35 m, the COT hasa large lever arm for curvature
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measurements.TheCOT providestrackmomentummeasurementswith resolution
σpT
pT
� � 0.0015

GeV � 1 � pT .
In addition to charged particle tracking, CDF also containselectromagneticand hadronic

calorimetryup to 
 η 
 � 3.6. Muon detectionis possibleout to 
 η 
 � 1.0, althoughin the b-
taggingstudiesdescribedbelow muonsfrom themostcentralportionof CDF will beconsidered
( 
 η 
 � 0.6).
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Figure 1: A cross-sectionalquadrantview of theCDF detectorfocusingon thetrackingsystems.

2. Secondary Vertex Identification

Thelong-lifetimeof B hadronscanbeexploitedin orderto identify jetsconsistentwith origi-
natingfrom b-quarkproduction.Considerab-quarkproducedin thedecayof a topquarkor Higgs
bosonat theinitial p-p interactionpoint. Theb-quarkhadronizesalmostimmediately(ontheorder
of 10� 24s) to form a jet of particles;includedin this jet area B meson(B0, B
 ,B0

s ) or a B baryon
(ΛB). TheB hadronusuallycarriesoff mostof theoriginalb-quarkmomentumandhasarelatively
long lifetime (of orderseveralps). Giventheir long lifetime andlargeboost,B hadronscreatedin
thiswaytravel amacroscopicdistanceawayfrom theprimaryinteractionpoint in thelabframebe-
fore decayinginto severalchargedandneutralparticles.Reconstructionof chargedparticletracks
enablesusto look for thetrajectoriesof decaydaughtersthatareinconsistentwith originatingfrom
theinitial interactionpoint. Severalof thesetrackscanbedeterminedto originatefrom a common
location,andaso-calledsecondaryvertex canbeconstructed.
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TheCDF secondaryvertex detectionalgorithm,SECVTX, is designedto examinethe tracks
with largeimpactparameter(d0) within eachjet andto attemptto vertex themto a commonpoint.
Eachtrack’s impactparameteris measuredwith respectto a primary pp̄ interactionposition,or
primaryvertex, that is determinedfor eachevent. TheSECVTX algorithmrunson a per-jet basis
within eachevent. The algorithmstartsby consideringsilicon trackswithin eachjet (∆R � 0.4,
where∆R � ∆η 2 � ∆φ2). The silicon tracksmust be seededby or confirmedby a track in
the COT. To be consideredfor SECVTX, the trackswithin the jet aredemandedto have pT �
0.5 GeV� c, d0 significanceSd0 � 
 d0

δd0

 � 2.0 with respectto the primary vertex, anda minimum

numberof hits in thesilicon trackingdetectors.Thehit requirementsarea functionof thedetector
geometriesand the track reconstructionquality. Tracksare further demandedto not exceeda
maximumd0 requirementin orderto protectagainstpoorly reconstructedtracksaswell astracks
from long-livedlight flavor hadronsor nuclearinteractionsin thedetectormaterial.

The selectedtracksare then orderedin pT , and a secondaryvertex is soughtamongthese
tracks.Theconstructionof a 2-track“seed”vertex is first attemptedamongthequalifying tracks.
If a seedvertex is found, the remainingtracksareconsideredfor vertexing with the seedtracks.
Eachadditionaltrack is consideredsingly; after attachingall qualifying tracksto the vertex, the
vertex χ2 is recalculated,andtracksareiteratively prunedfrom the vertex if they contribute too
greatlyto theoverall χ2.

The2D decaylengthof the fitted vertex with respectto theprimary is definedasLxy. If the
prunedvertex retainsthreeor moretracks,thisvertex is thensubjectto afinal roundof qualitycuts,
including removal of verticesfrom materialandnuclearinteractions,aswell asthoseconsistent
with the decayKs and Λ, two prominentlong-lived light flavor hadrons. Finally the vertex is
demandedto haveSLxy � 7.5,whereSLxy is the2D decaylengthsignificance,definedasSLxy � 
 Lxy

δLxy

 .

If thevertex satisfiesall of theabovecriteria,asecondaryvertex is definedto havebeenfound.

If no candidatevertex is found, a secondpassat vertex constructionis made. Efficiency is
gainedby only requiringtwo or moretrackssatisfyingmorestringenttrackquality requirements.

If a secondaryvertex is found with either pass,the jet is said to be “tagged”. If the dot
productof the2D displacementvectorfrom theprimaryvertex to thesecondaryvertex andthejet’s
momentumvectoris positive (ie., thevertex is in thesamehemisphereof thedetectorasthe jet),
thetagis called“positive”. If thesecondaryvertex andjet momentumhave a negative dot product
(thevertex is in theoppositehemisphereof thedetectoractuallybehindthe jet), the tag is called
“negative”. Suchverticescannotbe consistentwith heavy flavor decaysandaredueto the finite
trackingresolutionof theCDF detector.

CDF supportsthreeoperatingpointsfor theSECVTX algorithmwith differentvaluesof effi-
ciency andpurity: Ultratight, Tight, andLoose.Theresultsdiscussedin therestof thearticleare
for the Tight operatingpoint asthis is mostwidely usedin CDF analyses.The Loosealgorithm
allows increasedefficiency for analysesthat requiretwo or threeb-taggedjets. The Ultratight
algorithmallows increasedpurity for analysesthatrequireasingleb-taggedjet.

As with any particleidentificationtechnique,whenconsideringa b-taggerlike SECVTX it is
importantto understandhow often onetagsa b jet in the dataandhow many of the taggedjets
actuallycomefrom b’s. Theissuesof efficiency andpurity arediscussedbelow.
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2.1 Tag Efficiency

The efficiency of the SECVTX algorithm is definedas the fraction of b jets fiducial to the
CDF COT andcalorimetrythat possessa positive SECVTX b-tag. Measuringthe efficiency of
a b-taggingalgorithmis straightforward in Monte Carlo events;onehasthe luxury of complete
knowledgeof the particleswithin eachjet, and thus it is straightforward to identify the fiducial
jets that comefrom b quarkproductionandthe fraction which aretagged.But this is not to say
thattheefficiency measurementin MonteCarlojetsis accurate.Reliablemodelingof b-taggingin
the Monte Carlo requirespreciseunderstandingof the charge depositionin the silicon detectors,
accuratesimulationof the tracking,andrealisticB hadronproductionanddecaymodels. Since
noneof theseeffectsareperfectlymodeledin the Monte Carlo, it is imperative to measurethe
b-tagefficiency in thedata.

Thechallengein measuringthetagefficiency in dataeventsis thatthenatureof individual jets
is not explicitly known. Thetagefficiency measurementin dataat CDF reliesuponconstructinga
puresampleof b jetswithin the largedijet sample.Two methodscurrentlyin useat CDF utilize
high pT leptonsmatchedto jetsto identify jet pairsconsistentwith heavy flavor.

Thefirst techniquerequiresahigh pT muonto beburiedwithin a jet. hisso-called“muon-jet”
is pairedwith aback-to-backjet, known asthe“away-jet”,whichis demandedto possessapositive
SECVTX tag. This jet pair (onejet containinga secondaryvertex, theotherhaving evidencefor a
high pT semileptonicdecay)is consistentwith comingfrom heavy flavor production.By further
requiring that the effective massof the tracksin the secondaryvertex of the away-jet be large
(Mvtx � 1.5 GeV� c2) to reducethecontribution from qq andcc, thedijet sampleis enrichedin b
jets.Thesecriteriaconstructamuon-jetsamplethatis � 78%purewith b’s.

The muon-jetprovides the samplein which the efficiency measurementis completed.The
pT of the muonrelative to the jet axis (prel

T ) is a powerful discriminatorof b jets from jets from
charmandlight flavor. Onecanconstructprel

T templatesfor b andnon-b jets from Monte Carlo
dijet eventsandthenfit for thenumberof b jetsin thetaggedanduntaggedsamples(seeFigure 2).
Fromtheb fractions,onecancalculatetheefficiency for SECVTX to tagb jets in thedata.With
this technique,thetagefficiency in 350pb� 1 of RunII CDFdatais measuredto be0.39 � 0.01(stat
only), integratedover thecompletejet ET range.TheSECVTXtagefficiency dependsstronglyon
jet kinematics(ET andη ); thesejet propertieswill clearlyvary dependingon thephysicsprocess
one considers. Theseeffects shouldbe consideredwhen determiningthe tag efficiency in the
context of anindividualmeasurement.

The tag efficiency is usedmost often whenassessingsignalacceptance,which is typically
donein signalMonteCarlosamples.As discussedabove, MonteCarlo b-jetsarenot guaranteed
to perfectlymatchdatab jets.Soit is necessaryto constructadata-to-MonteCarloscalefactorfor
tagefficiency, which encapsulatesthediscrepanciesbetweenb-jet taggingin theMonteCarloand
data.In anappropriatedijet MonteCarlosamplematchingtheconditionsusedabove to selectthe
muon-jetsample,the tagefficiency wasmeasuredto be0.43 � 0.002(statonly). Thescalefactor
thenis calculatedto be0.92 � 0.02(stat)� 0.06(syst).Themajorsourceof systematicerroris the
jet ET dependenceof the measurement:the muon prel

T methodutilizes jets with small ET values
(20-40GeV),while mostof theinterestingphysicswe seekto do with high pT b taggingexistsat
largerET values(50-70GeV in topquarkdecay),andextrapolatingscalefactorresultsto thelarge
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Figure 2: Fits of theuntaggedandtaggeddatamuon-jetsampleprel
T distributionsusingb andnon-b tem-

platesfrom MC. Jetsfrom non-b sourceshave typically smallerprel
T values,asonecanseefrom thefit to the

untaggedmuon-jetsample,wherethecontribution from non-b jetsis significant.

ET regimesuffersfrom lackof statisticalpower. Additionalsystematicerrorsincludetheimperfect
detectorresponsein the jet energy measurementandtherelianceon a sampleof b jetscontaining
semi-leptonicdecaysandapplyingto non-semileptonicdecayingjets.Thevalueof thescalefactor
beinglessthanunity indicatesthat thetaggingconditionsin theMonteCarloaremoreoptimistic
thanreality.

Thesecondtagefficiency measurementmethodemployedat CDF is similar to themuonprel
T

measurementbut useselectronsmatchedto jets to achieve a highly enrichedb sample. Similar
demandsareplacedon the away-jet to increasethe b purity. The subsampleof the electron-jets
thathave a photonconversionpartnerareseparatedfrom theremainderof thejets;sinceelectrons
from semi-leptonichadrondecayshouldnot be consistentwith comingfrom a conversion,these
jets provide a complementarysamplewith reducedb purity which is usedto determinethe light
flavor contentof theaway-taggedsample.Theelectron-jetsinconsistentwith photonconversions
arethesamplein whichthedatatagefficiency is measured.An algebraicsolutionis determinedfor
thedatatagefficiency, andthen,giventhesimpleMC tagefficiency, thetagscalefactorfrom the
electronmethodcanbecomputedaswell. Theresultis foundto be0.89 � 0.03(stat)� 0.07(syst),
which is in goodagreementwith the result of the muon prel

T methodusing the sameintegrated
luminosity.

Equippedwith thedata-to-MonteCarlotagefficiency scalefactor, onecanthendeterminethe
tagefficiency for signaleventsin thedata.For thispurposeasampleof MonteCarlott eventswas
producedin Pythia[3], andthe tagefficiency wasmeasuredasa functionof b jet ET and 
 η 
 in
top decay, asshown in Figure3. Efficiency curvesareshown for the Tight andLooseSECVTX
operatingpoints. The efficiency measuredin the Monte Carlo jets is multiplied by a combined
scalefactorderivedfrom thetwo resultsdiscussedabove,sotheefficiency curvesreflecttheactual
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tagefficiency in thedata.Onecanseethat the tagefficiency reducesslightly asjet ET increases;
this is duein part to the collimation of tracksin high ET jets andthe difficulties vertexing such
trackstogether. Theremoval of verticesfrom materialinteractionalsocontributesto thedecrease
in efficiency at high jet ET ; in suchjets it is possiblefor the reconstructedsecondaryvertex to
be locatedbeyond the beampiperadius(rbeampipe � 1� 26 cm), andthusqualify for removal asa
materialinteraction.Theefficiency decreaseatlargejet ET is lessdramaticwhenconsideringLoose
SECVTX, for which the removal of theseverticesis not a part of the algorithm. The efficiency
reductionfor 
 η 
 � 1.0 is dueto reducedtrackingefficiency andsilicon coveragein theforward
region. Recallthatsilicon tracksconsideredin SECVTX arematchedto a trackin theCOT. Large

 η 
 tracksexit theCOT throughits endplate,thusreducingthenumberof layerstraversed.This
resultsin a decreasedtrackefficiency in theregion beyond 
 η 
�� 1.0. Currentlydevelopmentis
proceedingonexploiting standalonesilicontracksin theforwardregionto increaseb-tagefficiency.
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Figure 3: Tag efficiency for b jets in top decayin dataasa function of jet ET (a) and # η # (b) for two
SECVTXoperatingpoints.

The prospectof using actualtt eventsfor b-taggingcalibrationat the LHC experimentsis
discussedelsewhere[4]. This is anattractive approachin that it directly providesinformationon
theperformanceof thetaggerin jetsin thehigherET regime.As notedabove,oneof thelimitations
of thestandardefficiency measurementtechniquesemployedat CDF is theextrapolationfrom the
ET rangeof thecalibrationsampleto theET rangeof thesignalsample;it is hopedthatby utilizing
jets in top eventsthat the effect of this systematicerror could be reducedor eliminated. Efforts
towardsthisendarecurrentlybeingpursuedatCDF.

2.2 False Positive Rate

Falsepositive tags,or mistags,in SECVTX comefrom the spuriousidentificationof a sec-
ondaryvertex in a non-b jet. Jetsfrom light flavor productionshouldbe consistentwith zero
lifetime. However trackswithin a light flavor jet canstill have large impactparameterandhence
satisfythesecondaryvertex requirements.Sourcesof suchspuriouslargeimpactparametertracks
include:

	 limited detectorresolution

	 long-livedlight particledecays(Λ,Ks)
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	 materialinteractions

Mistagsdue to limited detectorresolutionare expectedto be symmetricin the signed2D dis-
placementLxy of thevectorseparatingthesecondaryandprimaryvertices.Onecanthenusethe
ensembleof negatively taggedjets(Lxy � 0) asapredictionto thelight flavor jet contribution to the
positive tagsample.

At CDF ana priori predictionof themistagrateis calculatedfrom theinclusive jet samples.
The inclusive jet sampleis collectedon a setof simpletriggersthatcollecteventswith minimum
amountsof calorimeterenergy; four triggersamplesarecollected,with minimumjet ET of 20,50,
70and100GeV. Thesesamplesareusedfor calibrationof themistagrate.

Theprobabilityfor agivenjet to beamistagis determinedfrom theprobabilitythatthejet is a
negative tag.Thisprobabilitycomesfrom aper-jet negative tagparameterizationin fivevariables:

	 ET

	 φ

	 η

	 trackmultiplicity

	 ∑E jets
T

Theparameterizationis built from theinclusive jet samplesandthenis usedto predictthenumber
of mistagsin the standardsignaldatasamples.An exampleof a signalsamplefor tt production
is thecollectionof eventswith a high pT leptonandmissingtransverseenergy, $ET (indicative of
W 
 decay),andseveral jets. The jets in sucha sampleareconsideredon a jet-by-jet basis,and
theprobabilityof eachjet to bea negative tagis extractedfrom thefive-variableparameterization.
Fromthemistagprobabilitiesfrom thecompletesampleof jets in thesignalsample,onecanthen
predict the contribution from mistaggedpositive jets. Thesepredictionshave beenshown to be
valid within an8% systematicerror, which is dominatedby thechoiceof calibrationsampleused
to make themistagparameterization.

Howevernotall mistagsarefrom resolutioneffectsalone.Simplyassumingthatall mistagged
jets aresymmetricaboutthe origin in Lxy will lead to an underestimatein the true rateof false
positive tags. The contribution from long-lived particle decaysand material interactionsto the
SECVTX positive tag ratehasbeenstudiedaswell. Thesecontributions to the light flavor tag
sampleareat strictly positive Lxy values,thusintroducinga light flavor mistagasymmetry. The
mistagcontribution to the positive tag sampleis measuredin the 50 GeV inclusive jet sample
discussedabove. Templatesof the pseudo-cτ � Lxy

� Mvtx
PT % vtx

distribution for b, c andlight flavors
areconstructedfrom dijet MonteCarlosamples,andthecontribution from eachsourceis derived
from a three-componentfit to thedatashapes.Usingthis techniquethemistagasymmetry(A) was
measuredto be1.36 � 0.23(syst).Theasymmetryis usedto scalethepredictedmistagratefrom
negative tags,R �pred :

N &light

Nlight
� A � R �pred �(' 1� 36 � 0� 23) � R �pred (2.1)
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With thisprescription,thepredictedmistagratebettermatchesthetruecontribution to thepositive
tag samplefrom non-HFsources.It alsotakesinto accountthe (albeit small) contribution to the
negative taggedsamplefrom realheavy flavor jets. Thesystematicon theasymmetryis drivenby
theuncertaintyin theheavy flavor fractionin thesamplein which it is applied.

With themistagparameterizationandasymmetry, onecanexaminethemistagratein ageneric
jet sampleasa functionof jet ET and 
 η 
 asshown in Figure4. More energetic jets have more
energetic chargedparticle tracksthat passthe pT requirementsfor the SECVTX algorithm; this
givesanincreasedcombinatoricfake rateandhencethemistagrategrowswith jet ET .
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Figure 4: Mistagratein dataasa functionof jet ET (a)and # η # (b).

3. Other b-tagging Strategies

The Soft LeptonTaggingalgorithm[6] identifiesb-jets by looking for evidenceof a semi-
leptonicB hadrondecaywithin a jet. Semi-leptonicdecayof hadronsis notuniqueto theB sector;
however becauseof thelargemassof typical B hadrons,thechargedleptonto which theB decays
typically hasahighertransversemomentumwith respectto thejet’saxisthanin non-B decays,and
this featureis exploited whentaggingjets with this technique.The CDF Soft Muon Taggerhas
beenin usefor severalyears;just recentlydevelopmenthasbegunonaSoftElectronTagger.

JetProbabilityconsidersthe d0 of eachtrack within a jet and constructsa probability that
a given jet is consistentwith coming from a zero-lifetimesource. This probability distribution
allows oneto easilychoosetheefficiency/purity operatingpoint by tuningthecut on thevalueof
outputprobability. A virtue of JetProbabilityis that it providesa continuousoutput,which allows
it to beusedasadiscriminantvariable.

Thesedisparatesourcesof taginformationonjetslendsitself to acombination,giventhateach
tool approachesthetaskof b-taggingusingdifferentsourcesof information.At CDFrecentefforts
havefocusedoncombiningthesetaggingtoolsusingamultivariatetechniquelikeaneuralnetwork.
It is hopedthat by exploiting all the tagginginformationsimultaneously, the tag efficiency and
purity of theneuralnetwork taggerwill surpassthoseof thestandardtoolsalone.Themultivariate
combinationof taggersatCDF is still underdevelopment.

4. Conclusions and Implications for the LHC

Althoughwe have shown techniquesfor understandingtheperformanceof theCDF taggers,
this doesnot meanthat the challengesof b-taggingat a hadroncollider are easyto overcome.
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Futureexperiments,suchasCMS andATLAS at theLHC, shouldbemindful to paycloseatten-
tion to several subtletiesthat areessentialfor quality b-tagging. For example,understandingthe
alignmentof the trackingdetectorsis critical for precisionmeasurementof track impactparame-
ters,a necessaryingredientfor lifetime-basedb-tagging. The modelingof charge depositionfor
particlesasthey traversethe inner trackingdetectorsis importantfor high quality tracking,asis
an accuratetrackingsimulation. The materialcontentaroundthe interactionregion canhave a
significant impacton the taggingrate,andan effort shouldbe madeto understandthe detector’s
trueprofile, includingsupportstructures,cables,coolinglinesandreadoutelectronics.And finally,
well-understoodb-taggingreliesheavily on having accessto calibrationsamplesthatascloselyas
possiblereproducethetopologiesof interestingsignalevents.Efficient triggeringfor eventsin the
properET andη rangeis thereforeessentialfor bothcalibrationandsignalsamples.

Muchexperiencehasbeengainedin theareaof b-jet taggingatahadroncolliderduringRuns
I andII at the Tevatron. Successfulb-tag algorithmsarecurrently in useat CDF. Herewe have
describedin detail oneof the CDF b taggingtools, the secondaryvertex identificationalgorithm
SECVTX. The techniquesfor measuringtagefficiency andmistagratein thedatahave beende-
scribedin detail. It is hopedthat future experimentscapitalizeon this b-taggingexpertiseaswe
move forwardinto theenergy frontier.
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